Abstract-Electron channeling contrast imaging (ECCI) is a nondestructive diffraction-based scanning electron microscopy (SEM) technique that can provide microstructural analysis similar to transmission electron microscopy (TEM). However, because ECCI is performed within an SEM and requires little to no sample preparation, such analysis can be accomplished in a fraction of the time. Like TEM, ECCI can be used to image a variety of extended defects and enables the use of standard invisibility criteria to provide further defect characterization (e.g., Burgers vector determination). Here, we use ECCI to characterize various extended defects, including threading dislocations, misfit dislocations, and stacking faults, in heteroepitaxial GaP/Si(1 0 0) samples. We also present applications for which ECCI is particularly well suited compared with conventional methods. First, misfit dislocations are surveyed via ECCI across the radius of a 4-in GaP/Si wafer, yielding a proof-of-concept rapid (∼3 h) approach to largearea defect characterization. Second, by simply wet etching away a portion of a thick epitaxial GaP-on-Si layer, we use ECCI to image specific targeted interfaces within a heterostructure. Both of these applications are prime examples of how ECCI is a compelling alternative to TEM in circumstances where the required sample preparation would be prohibitively time-consuming or difficult.
Applications of Electron Channeling Contrast
Imaging for the Rapid Characterization of Extended Defects in III-V/Si Heterostructures I. INTRODUCTION O NE of the most fundamental methods for evaluating the quality of a single crystal is to determine the types and quantities of extended defects (e.g., threading dislocations, misfit dislocations, stacking faults (SFs), antiphase domains (APDs)/boundaries, etc.) that can exist in the material. Although many techniques are available for performing this analysis, such as selective defect etching (SDE) analysis [1] , X-ray diffractometry [2] , electron-beam-induced current (EBIC) imaging [3] , and cathodoluminescence (CL) imaging [4] , transmission electron microscopy (TEM) is the most widely used due to the ability to observe a wide range of defect types at high spatial resolution. However, samples imaged by TEM must be electron transparent (i.e., thin enough for an electron beam to pass through). Sample thinning commonly requires chemical/mechanical polishing or focused ion beam (FIB) milling. These techniques can be relatively time consuming and typically only provide small usable analysis areas (ࣘ10 μm 2 per sample). While irreplaceable in many cases, this sample preparation can nonetheless make TEM prohibitively time consuming and expensive for use in applications that either require the characterization of a large number of samples (e.g., when studying how specific material growth conditions impact material quality) or characterization over large areas (e.g., examining growth homogeneity or the microstructure near macroscopic defects).
Electron channeling contrast imaging (ECCI) is an electron microscopy technique with many similarities to TEM, but with key advantages that make it better suited for applications where rapid or large-area defect characterization are paramount. ECCI can be performed in almost any scanning electron microscope (SEM) equipped with a back-scattered electron (BSE) detector. This makes ECCI an economically attractive alternative to traditional TEM work, as it avoids the use of (usually) more expensive TEM equipment. More importantly, ECCI can be performed on as-grown samples with little to no sample preparation, which can save significant amounts of time while also making it possible to image over large areas of a sample with ease. To date, researchers have used ECCI to image defects in several different single-crystal materials, such as GaN [5] , SiC [6] , SiGe [7] , InGaAs [8] , and SrTiO 3 [9] , showing applicability to many technologically important materials, including materials used in photovoltaics (PV). Because the ECCI signal is produced via back-scattered diffraction, it is strongest from defects closest to the sample surface. Therefore, most previous work has focused on imaging surface-penetrating or near-surface defects, such as threading dislocations. However, our recent work has shown that it is possible to image extended defects (e.g., misfit dislocations) at buried heterointerfaces [10] , with the ability to resolve individual dislocations at depths of up to (and possibly beyond) ∼100 nm. It has also been shown [10] , [11] that ECCI analysis follows the same invisibility criteria used in conventional TEM (i.e., g·b = 0 and g·b×u = 0, where g is diffraction condition, b is the dislocation's Burgers vector, and u is its line direction [12] ).
In this study, we demonstrate the use of ECCI for imaging defects in heteroepitaxial GaP on Si(1 0 0). While GaP/Si largely serves as a model heteroepitaxial system for the sake of this paper, it is an increasingly important material for PV technology. Given the relatively small lattice mismatch between GaP and Si (0.37% at room temperature), GaP/Si is an attractive pathway for the integration of III-V materials and devices with low-cost highly manufacturable Si. This integration is specifically desirable for the formation of high-efficiency multijunction III-V/active-Si solar cell structures utilizing compositionally graded GaAs y P 1−y buffers and metamorphic GaAsP and GaInP subcells. However, the growth of GaP on Si has historically been plagued by the formation of large densities of extended defects related to the nucleation process at the heterovalent (polar/nonpolar) GaP/Si interface, including APDs and SFs, as well as misfit dislocations resulting from the small but nonnegligible lattice mismatch. Recent progress by multiple groups, including the authors, has shown that it is indeed possible to grow high-quality GaP on Si [13] - [15] , leading to renewed interested in GaP/Si within the PV materials research community. The development of this materials system, and indeed any heterostructure-based system, for application to PV technologies would benefit greatly from the application of highthroughput defect characterization methods, such as ECCI.
The results presented here build upon preliminary results first shown at the 40th IEEE Photovoltaic Specialist Conference (PVSC) and included as part of the conference proceedings [16] , but are here significantly expanded to better demonstrate ECCI's usefulness and potential as a transformative characterization method in PV materials development research. First, images of a variety of extended defects found in layers of GaP/Si are presented, illustrating the wide range of applicability with respect to crystalline microstructure. Second, a method is described and demonstrated by which the density of extended defects, and associated materials information, can be rapidly mapped across a wafer using ECCI, evincing the high-throughput, highresolution, effectively nondestructive, and large-area capabilities of the technique. For context, the steps required to perform the same analysis using TEM are described and compared. A quantitative analysis of a proof-of-concept wafer mapping measurement is included to show the wealth of information that is available from analyzing ECCI images. Finally, we show that by simply removing excess material via a quick wet etch, it is possible to image defects buried at an interface far beneath a sample's surface, beyond the ECCI depth limit of about 100-150 nm. Such a simple combination of etching and ECCI should be viable for imaging defects in or at any arbitrary layer or interface within a thick heterostructure sample (such as a metamorphic buffer). This imaging of buried layers, together with the previously mentioned wafer mapping, can be used to fully image extended defects in three dimensions in a straightforward manner. Both the imaging of buried defects and the quantitative analysis of wafer mapping were not previously covered in the PVSC proceedings and, thus, constitute the first time, to our knowledge; ECCI has been used for these purposes.
II. EXPERIMENTAL PROCEDURE
All samples in this study were grown by metal-organic chemical vapor deposition (MOCVD) in an Aixtron 3 × 2-in closecoupled shower head system. All substrates are 4-in Si(1 0 0) wafers nominally offcut 6°toward [0 1 1]. The specifics regarding growth of the GaP/Si have been previously published by our group [14] . To perform ECCI, small pieces were cleaved out of as-grown samples and loaded into the SEM for analysis. All ECCI work described here was performed using an FEI Sirion SEM operating at an accelerating voltage of 25-30 kV, an approximate beam current of 2.4 nA, and a working distance of 5 mm. A conventional annulus pole-piece mounted BSE detector was used to capture all images. In ECCI, specific diffraction conditions are obtained by positioning the sample (via tilt and rotation) such that the optic axis of the SEM straddles the edge of a Kikuchi/channeling band in the low magnification electron channeling pattern. Zooming in (increasing magnification) thereby approximates an objective aperture, mimicking the selection of a specific diffraction spot for conventional two-beam condition TEM. Further details of the approach are described elsewhere [10] .
III. RESULTS AND ANALYSIS

A. Range of Observable Defects
Sample ECCI micrographs taken of various GaP/Si samples (mostly from within a calibration series) showing a variety of extended defects are provided in Fig. 1 . Fig. 1 (a) presents an ECCI micrograph of threading dislocations found in a 250-nmthick GaP layer grown on a Si(1 0 0) substrate. Images such as this can be acquired in a much shorter amount of time than is required for plan-view TEM (PV-TEM) or EBIC thanks to the lack of time-consuming sample preparation or device processing (in the case of EBIC). Additionally, the achievable resolution is on par with wide-area PV-TEM, which is significantly better than that of conventional methods like EBIC, CL, and SDE. This makes ECCI a fast effective tool for analyzing the density and distribution of threading dislocations in lattice-mismatched epilayers.
In Fig. 1(b) , misfit dislocations at the interface of a 50-nm GaP/Si sample appear in the ECCI micrograph as dark and bright lines. Recent work by our group comparing experimental and simulated ECCI micrographs has shown that the contrast exhibited by the misfit dislocations is determined, at least in part, by the Burgers vectors of the dislocations [10] . This makes it possible to use a comparison of experimental and simulated ECCI micrographs to determine the Burgers vector of a given misfit dislocation, providing a pathway for very detailed microstructure characterization that would typically require a more in-depth PV-TEM-based analysis. Note that the horizontally oriented misfit dislocations in Fig. 1 (b) are angled with respect to one another, as expected for layers grown on vicinal substrates [17] .
Finally, an SF in a nucleation calibration sample imaged by ECCI is displayed in Fig. 1 (c). The thickness fringes (i.e., alternating bands of bright and dark) seen here are effectively identical to what is normally seen when conventional PV-TEM is used to image an SF [12] and also shows good agreement with previously obtained images of SFs using ECCI [18] . In either corner of the SF, there is a small dark dot, most likely corresponding to the location where leading and trailing partial dislocations of the SF penetrate the surface.
The images in Fig. 1 show that it is possible to observe a variety of extended defects in GaP/Si using ECCI. As previously discussed in a recent publication from the authors [10] , ECCI simulations based on dynamical scattering models similar to those used for TEM simulations show good agreement with the appearance of misfit dislocations in experimental images like those shown in Fig. 1(b) . Work toward comprehensive comparisons between experimental and simulated ECCI micrographs of other defects (e.g., SFs) is currently in progress and will be the subject of forthcoming reports. Nonetheless, these preliminary simulations support the direct link between ECCI and TEM imaging methods and enable the use of ECCI for detailed microstructure characterization. Given this, the application of ECCI is then directly extendable to a vast array of other materials that are routinely imaged by TEM, such as homo/heteroepitaxial structures important to photovoltaic applications. Furthermore, it is the combination of these TEM-like capabilities with its highthroughput nature that makes ECCI particularly compelling. Therefore, we now focus on two specific applications-defect mapping across a wafer and imaging of buried defects-that demonstrate key differences between ECCI and TEM, as well as ECCI's usefulness as a high-throughput rapid characterization technique.
B. Electron-Channeling-Contrast-Imaging-Based Wafer Mapping
It is often desirable to perform large-area characterization to examine, for example, nonhomogeneities and nonuniformities (temperature, thickness, growth conditions, etc.) over large areas. While such wafer-mapping measurements are routinely performed using methods like PL or X-ray topography, we show here how ECCI could be used in a similar manner, providing access to a higher level of microstructural detail (typically only achievable via TEM) with relatively high throughput. In Fig. 2 , the steps necessary for mapping extended defects across the radius of a wafer by both ECCI and TEM are compared.
For both approaches, the starting point is an as-grown wafer. The processes after this point, however, differ significantly for the two techniques. In the case of ECCI, the next step is to produce an SEM-compatible sample, which can easily be achieved by cleaving (see Fig. 2, E2 ), although even full wafer imaging should be possible depending upon the internal geometry of the SEM chamber. Once loaded into the SEM, ECCI is performed at different areas in the sample (see Fig. 2, E3) . Altogether, in this example, imaging at ten locations along the radius of the wafer using ECCI takes no more than about 4 h, and easily as little as 2 h depending upon the exact sample and operator abilities. This short time frame includes manually reoptimizing imaging conditions (if necessary, readjusting brightness, contrast, focus, and astigmatism correction) each time the sample is translated; the opportunity then exists to further increase throughput by way of an automated process for as-needed reoptimization. The situation is much different if TEM is used instead of ECCI. Starting with the as-grown sample, multiple TEMcompatible samples (i.e., thinned to the point of electron transparency) need to be produced. This thinning will likely include some combination of chemical/mechanical polishing, ion milling, and/or FIB preparation. The process required to prepare each TEM foil takes at least 2-3 h (and often at least twice that, depending upon available equipment, the samples under consideration, and operator expertise). Given the small size of each foil, if multiple images across a wafer are to be imaged, a separate foil must be prepared for each location. Once foils are prepared, approximately 1-2 h per sample are required for loading into the TEM and imaging. Altogether, the use of TEM to provide the equivalent to the ECCI-based ten-position wafermapping described above would likely take somewhere in the range of 30-50 h, and possibly even longer. Such a large amount of time and effort typically makes TEM an impractical technique for statistically significant analysis of this type of material and highlights the important new capabilities that ECCI provides.
In Fig. 3 , ECCI micrographs taken along the radius of an asgrown 4-in GaP/Si heteroepitaxial wafer (part of a calibration series examining growth uniformity), as described in Fig. 2 , are provided. The GaP layer is 50 nm thick in this sample, making it possible to clearly resolve whatever misfit dislocations have already nucleated at the GaP/Si interface. While misfit dislocations were chosen for the example demonstrated here, other extended defects, such as threading dislocations or SFs, can also be imaged in the same manner (just with potentially different diffraction conditions); indeed, the wafer mapping technique described here can be applied in a variety of situations. In total, nine images taken at different positions along the radius of the wafer are provided. In keeping with the standard TEM-type invisibility criteria previously mentioned, the images were collected using a {0 0 4}-type diffraction condition, yielding strong imaging contrast for the misfit dislocations with line directions along both orthogonal 0 1 1 directions.
Simple observation of these images presents a few qualitatively obvious results. First, there are more misfit dislocations visible near the center of the wafer than toward the edge of the wafer, indicating some radial nonuniformity (e.g., temperature, epilayer thickness, etc.). This nonuniformity will be discussed quantitatively in the following paragraph. Second, the longest misfit dislocations consistently have a line direction perpendicular to the direction of offcut, [0 1 1], while the number of dislocations appears to be greater in the line direction parallel to the offcut, [0 1 1]. Recall that the type of contrast (i.e., dark or bright) a misfit dislocation exhibits is an indication of its Burgers vector. Because all of the long misfit dislocations in Fig. 3 in the [0 1 1] direction show dark contrast, they should all have the same Burgers vector. Such preferential nucleation and growth (via glide) of misfit dislocations with specific Burgers vectors has been described before and is related to tilt in lattice-mismatched epitaxial layers on vicinal substrates [19] .
To obtain a more quantitative understanding of how the number and length of misfit dislocations changes across this sample, ECCI micrographs like those in Fig. 3 were analyzed, and a number of important microstructural quantities were measured, including the total misfit length per unit area, average length per dislocation, and the number of misfits per unit area. These parameters are all plotted in Fig. 4 as a function of distance from the center of the wafer. The data in Fig. 4(a) show that the average misfit dislocation length is consistently larger for dislocations along the [0 1 1] except for the very edge of the wafer, and that the average dislocation length decreases toward the edge of the wafer, providing quantitative confirmation of the qualitative conclusions made via simple visual inspection of the micrographs in Fig. 3 .
The data in Fig. 4 also lead to a number of conclusions that cannot easily be ascertained visually. First, while the average misfit dislocation length is larger for dislocations along the [0 1 1] [see Fig. 4(a) ], the total misfit length per unit area is consistently larger for dislocations in the [0 1 1] direction [see Fig. 4(b) ]. This can only be possible if there are a greater number of misfit dislocations along [0 1 1], as was indeed previously noted. The fact that there are a smaller number, although on average longer, misfit dislocations along the [0 1 1] is consistent with higher glide velocities for α misfit dislocations compared with β misfit dislocations in GaP [20] . Additional factors such as substrate miscut [21] likely also play a role in determining the particular asymmetries found in Fig. 4 . It is difficult to determine the exact source of the nonuniformities observed here with only this single measurement series, although likely causes can be suggested. One possibility is that a gradient in growth temperature exists across the wafer during deposition. The mismatch in thermal coefficients of expansion between GaP and Si leads to increased strain in GaP/Si samples at higher temperatures. Therefore, if the edge of the wafer were cooler than the center, the material near the edge would be less strained, and the number and length of misfit dislocations would be reduced (as is seen in Fig. 4) . Another possibility is an inhomogeneity in precursor flow from center to edge of a 4-in wafer. This could lead to a slightly thinner layer of GaP at the edge of the wafer, which would also reduce strain near the edge. A third possibility is that the group-V species (i.e., As, P, Sb) desorb from the MOCVD reactor's sidewalls and affect the microstructure of the material along the edge of the wafer. It should also be noted that the thickness of the GaP film characterized in Figs. 3  and 4 is 50 nm, which is close to the critical thickness for GaP on Si. This means that the effects listed above could be small and still have an impact on the misfit dislocation network of the sample. Ultimately, to better determine the causes for the data in Fig. 4 , future studies can coordinate ECCI wafer mapping with different MOCVD growth conditions. That being said, the important point is that plots like in Fig. 4 are easily available using ECCI, can ideally be constructed for any extended defect (i.e., not only misfit dislocations), and could only be obtained with great difficulty using a different technique.
C. Depth-Resolved Imaging of Defects
A second application that ECCI excels in, but would be difficult to perform by TEM, is imaging defects at specific interfaces/depths far from a sample's surface. Fig. 5 demonstrates two ways in which this might be done by ECCI. First, it is possible to uniformly remove material from the surface of a sample until just a small amount of material is left above the interface in question [see Fig. 5(b) ]. This can be performed in many ways, but most likely involving some combination of methods for removing material (e.g., wet etching, dry etching, chemical/mechanical polishing) and monitoring film thickness (e.g., ellipsometry or profilometry). A second way to selectively image specific interfaces is to polish down the surface of a sample at a slight angle [see Fig. 5(c) ], similar to the "wedgepolishing" that is sometimes done for PV-TEM samples. This would not only allow for imaging at the desired interface, but any other interface in a structure as well, simply by scanning where the polished surface intersects a specific plane of interest. Unfortunately, using either of the two methods described above to remove excess material involves permanently changing the sample in question and, therefore, can no longer be considered nondestructive characterization. However, because of the need for electron transparency, accomplishing the equivalent preparation for TEM would require removal of material from both sides of the sample, which would take a significantly longer amount of time, and most likely on much smaller sample pieces (∼3 mm or less) due to the size limits of typical TEM sample holders. Thus, while the combination of ECCI and etching can no longer be described as nondestructive, it nonetheless compares very favorably to TEM sample preparation.
As a proof of concept, images of an as-grown and subsequently etched GaP/Si sample are provided in Fig. 6 . In Fig. 6(a) , the as-grown 250-nm-thick GaP-on-Si layer is imaged using ECCI. While extended defects (i.e., threading dislocations) that penetrate the sample's surface are clearly apparent in this image, the underlying misfit dislocation network is not visible, although diffuse bright and dark linear regions are faintly apparent in the image. These regions change contrast when the diffraction condition used for imaging is changed, indicating that they are most likely related to microstructure within the sample rather than some other similarly sized topographic feature, like surface cross-hatch. Previous observations of similar features seen with ECCI have been attributed to the strain field associated with underlying misfit dislocations [7] .
To image the misfit network at the GaP/Si interface, the thick GaP layer was etched using a 1:1:1 solution of nitric (HNO 3 ), acetic (C 2 H 4 O 2 ), and hydrochloric (HCl) acids at room temperature, which has been previously shown to result in a smooth GaP surface after etching [22] . Material was removed until the GaP was approximately 65 nm thick, as measured by spectroscopic ellipsometry. The ECCI image in Fig. 6(b) shows that with a thin layer of GaP remaining, it is possible to more clearly image the misfit dislocations by ECCI.
There are a number of interesting points to make regarding the images in Fig. 6 . First, for the diffraction condition used, only [0 1 1] misfit dislocations show strong contrast, in the form of relatively dark and bright, albeit rather diffuse, lines, which is consistent with the authors' previous observations [10] . The [0 1 1] misfit dislocations are still visible but do not show the same strong bright and dark contrast that the orthogonal misfit dislocations do. The sharpness of the misfit imaging here is reduced compare with that shown in Figs. 1 and 3 , most likely due to the overlapping strain fields of the many misfits now at the interface, producing a higher overall degree of backscatter noise.
At this point, it would be beneficial to briefly comment on how imaging defects with ECCI in this way compares to performing the same analysis by TEM. As stated previously, ECCI has an advantage in that sample preparation is less time consuming and much larger sample areas can be imaged. However, of the two methods, TEM does provide superior spatial resolution and higher ultimate magnification. In the current example of imaging misfit dislocations at a specific interface, TEM could be considered preferable to ECCI if higher resolution images are needed, perhaps to investigate the interaction of individual misfit dislocations with one another. TEM might also become more desirable for imaging interfaces that include very high densities of dislocations, as the better resolution and higher magnification will allow for improved analysis of specific, closely spaced. Indeed, with respect to resolution and magnification, TEM is unmatched. However, such conditions are not always necessary, in which case TEM could be effectively viewed as overkill. Ultimately, ECCI and TEM should be seen as complementary characterization tools, with researchers determining which of the two techniques (or any other characterization technique, for that matter) should be used depending on the desired goals of the characterization.
That being said, the results shown here do provide clear examples of the advantages offered by ECCI. Most importantly, the image in Fig. 6(b) shows that it is possible to use a combination of ECCI and material removal to image defects far below the surface of a sample. While the work presented herein focused on the imaging of misfit dislocations, ECCI can actually be used to image a variety of defects (as shown in Fig. 1) , and similar analysis can be performed with respect to other extended defects. For example, one might want to determine the threading dislocation density at different thicknesses within a heterostructure to study how dislocations evolve during growth (e.g., nucleate, annihilate, etc.). Furthermore, this depth-resolved imaging of defects can then be paired with the previously mentioned wafer mapping to achieve 3-D analysis of extended defects over large areas.
IV. CONCLUSION
ECCI provides an important complementary high throughput technique to TEM for imaging extended defects in single crystals. The work shown here provides a range of examples of ECCI used on model GaP/Si samples, enabling comparable analysis to what is performed in a TEM without the timeconsuming sample preparation. Observation of threading dislocations, misfit dislocations, and SFs was demonstrated. Two specific applications where the strengths of ECCI are particularly well suited compared with TEM were described, with proof-of-concept measurements provided. First, it was shown that high-throughput imaging of defects over large areas is possible using ECCI. As an example, multiple large-area images of misfit dislocation populations were taken across the radius of a 4-in GaP/Si sample using ECCI to characterize epitaxial nonuniformity, with subsequent quantitative analysis providing further useful details. Second, a combination of etching/polishing and ECCI was shown to straightforwardly enable defect imaging at arbitrary depths within a thick GaP/Si sample, including beyond the natural ECCI depth limit. Images of the misfit dislocation network at the buried interface between GaP and Si were provided using this method.
These two applications both show new, high-throughput, detailed microstructure characterization functionality made possible by ECCI. By combining these two techniques, it is possible to image defects three-dimensionally within a given sample. Attempting to do a similar measurement using TEM and conventional sample preparation methods would take a great deal more time and effort compared with what is required to perform the same measurement by ECCI. Because of its advantages over TEM in this respect, it is clear that ECCI can play a significant role as a rapid data-rich characterization method for materials research and development, applicable to a wide range of materials and technologies, with TEM reserved for more detailed analysis that requires higher resolution.
